Mismatch repair de®ciency is known to contribute to elevated rates of mutations, particularly at mono-and dinucleotide repeat sequences. However, such repeats are often missing from the coding regions of endogenous genes. To determine the types of mutations that can occur within an endogenous gene lacking highly susceptible repeat sequences, we examined mutagenic events at the 2.3 kb mouse Aprt gene in kidney cell lines derived from mice de®cient for the PMS2 and MLH1 mismatch repair proteins. The Aprt mutation rate was increased 33-fold and 3.6 ± 20-fold for Mlh1 and Pms2 null cell lines, respectively, when compared with a wildtype kidney cell line. For the Pms2 null cells this increase resulted from both intragenic events, which were predominantly base-pairs substitutions, and loss of heterozygosity events. Almost all mutations in the Mlh1 null cells were due to base-pair substitutions. A:T?G:C transitions (54% of small events) were predominant in the Pms2 null cells whereas G:C?A:T transitions (36%) were the most common base-pair change in the Mlh1 null cells. Interestingly, 4 ± 9% of the spontaneous mutant alleles in the mismatch repair de®cient cells exhibited two well-separated base-pair substitution events. The percentage of mutant alleles with two and occasionally three base-pair substitutions increased when the Pms2 and Mlh1 null cells were treated with ultraviolet radiation (15 ± 21%) and when the Mlh1 null cells were treated with hydrogen peroxide (35%). In most cases the distance separating the multiple base-pair substitutions on a given allele was in excess of 100 base-pairs, suggesting that the two mutational events were not linked directly to a single DNA lesion. The signi®cance of these results is discussed with regards to the roles for the PMS2 and MLH1 proteins in preventing spontaneous and genotoxin-related mutations.
Introduction
A variety of mutational events ranging in size from base-pair substitution to loss of entire chromosomes can occur spontaneously in normal cells. Essentially all types of mutational events have also been observed in malignant cells (Turker, 1998) , but based on the relatively low rates that these events occur in normal cells it has been proposed that an important part of malignant progression is the acquisition of mutator phenotypes (Loeb and Loeb, 2000; Loeb, 1991) . Such phenotypes are characterized by increased rates of mutation accumulation over those observed in normal cells, and they are often due to loss of DNA repair and/or damage recognition pathways (Cahill et al., 1999) .
Loss of DNA mismatch repair provides one type of mutator phenotype in malignant cells Harfe and Jinks-Robertson, 2000) . DNA mismatch repair is a post-replication process that recognizes and corrects mismatched base-pairs and small insertion and deletion loops (Modrich and Lahue, 1996) . Many of these loops occur as a consequence of polymerase slippage at mono-and dinucleotide microsatellite regions, and a de®ciency in the mismatch repair pathway increases dramatically the rate of mutation at these regions Ionov et al., 1993) . However, a link between microsatellite instability, which is often used as a diagnostic marker for mismatch repair de®ciency, and gene mutation in cancer has been shown only for a subset of cancer relevant genes including TGF-b, and APC (Huang et al., 1996; Kuraguchi et al., 2000; Parsons et al., 1995) . These genes contain mononucleotide runs within their coding regions, but such runs are absent from the coding regions of many cancer relevant loci. Because microsatellite instability is unlikely to contribute to all forms of altered gene function in mismatch repair de®cient malignant cells, it is likely that elevated rates of base-pair changes are also playing causal roles in cancer progression linked to mismatch repair de®ciency.
In addition to recognizing mispaired bases and small loops that result from spontaneous polymerase errors, the mismatch repair proteins appear to play a role in preventing mutations that result from DNA damage Glaab et al., 1998) . Evidence for this role includes reports that mismatch repair de®cient cells exhibit a hypermutable response after exposure to alkylating agents (Glaab et al., 2000) and the direct binding of mismatch repair proteins to DNA damage (Li, 1999) . Although the precise role for these proteins in avoiding genotoxin-induced mutations is not well de®ned, it may result from a combination of direct binding to damaged bases and the recognition of mismatched base-pairs that result from the insertion of an incorrect base across from a damaged base.
A variety of approaches have been used to de®ne the types of spontaneous and induced gene mutations that can occur in mismatch repair de®cient cells. Many studies rely on cancer-derived cell lines with mismatch repair de®ciencies (Bhattacharyya et al., 1995; Harwood et al., 1991; Kato et al., 1998; Ohzeki et al., 1997; Phear et al., 1996; Tomita-Mitchell et al., 2000) , but such cell lines could have additional alterations that contribute to elevated mutation rates. The construction of mice with speci®c mismatch repaired de®ciencies has allowed for studies that avoid problems associated with cancer-derived cell lines. Many of these studies have used bacterial or lamda phage transgenes to de®ne the spectrum of small mutational events that are associated with mismatch repair de®ciencies (Andrew et al., 1997 (Andrew et al., , 2000 Baross-Francis et al., 1998 Narayanan et al., 1997) . While these systems allow large numbers of mutational events to be identi®ed relatively rapidly, the transgenes are not expressed in mammalian cells, are present in multiple copies, and have variable integration sites. Therefore, they may oer mutagenic substrates that are dierent from those oered by actively expressed endogenous loci.
Most tumor suppressor genes are located on autosomes (Lasko and Cavenee, 1991; Weinberg, 1995) . To examine the role of mismatch repair in mutation avoidance for an endogenous autosomal locus, we have created mouse kidney epithelial cell lines that are null for either Pms2 or Mlh1 and heterozygous for the selectable Aprt locus. Although this locus contains several mono-and dinucleotide regions, our data demonstrate that they are not of sucient length to act as highly susceptible mutational targets in mismatch repair de®cient cells. Therefore, mouse Aprt provides a useful target for the study of base-pair substitution events at an endogenous and expressed allele in a mismatch repair de®cient background. These events were examined in both the Pms2 and Mlh1 null backgrounds after exposure of the cells to ultraviolet radiation or hydrogen peroxide, and in non-exposed cells. The PMS2 and MLH1 proteins form a functional heterodimer (MutLa) ); yet we observed that the spontaneous mutational spectra diered in the dierent null backgrounds. We also observed examples of spontaneous mutant alleles (4 ± 9%) that had two distinct base-pair substitution events. The frequencies of mutant alleles with multiple mutations rose to 15 ± 21% when the Pms2 and Mlh1 null cells were exposed to ultraviolet radiation (UV) and to 35% when the Mlh1 null cells were exposed to hydrogen peroxide. The signi®cance of these results is discussed with regards to the roles for the PMS2 and MLH1 proteins in preventing spontaneous and genotoxin-related mutations.
Results

Elevated mutation rates in the Pms2 and Mlh1 null cells
The mutation rates for loss of Aprt expression were determined for kidney cell lines that were wild-type for mismatch repair (KO6), null for Pms2 (K2 and K597S2), and null for Mlh1 (K634S2) ( Table 1 ). The mutation rates were as follows: 3610 76 for the mismatch repair pro®cient KO6 cells, 1.3 and 7.4610 75 for the two Pms2 null cell lines, and 1.2610
74 for the Mlh1 null cell line. These results are consistent with those from other laboratories using dierent target alleles in mice that showed higher mutant frequencies for tissues of Mlh1 null mice when compared with those of Pms2 null mice, and that both de®ciencies yielded higher mutant frequencies than those for wild-type mice (Baross-Francis et al., 2001; Yao et al., 1999) .
The spontaneous mutational spectra differ for the Pms2 and Mlh1 null cells Aprt expression can be lost via two general classes of mutational events. One class is intragenic events such as base-pair substitutions, frame shifts, small deletions, and silencing; these events leave the target Aprt allele intact. The second class is large events such as mitotic recombination, chromosome loss, and large interstitial deletions; these events remove the target Aprt allele. When comparing spontaneous mutational events for the Pms2 and Mlh1 null cells it was observed that the vast majority of mutations in Mlh1 null cells were intragenic events (98%) whereas most mutations within the Pms2 null cells (70%) were large events. Large events within the Pms2 null cells were not examined further because there was relatively little heterozygosity for microsatellite loci on chromosome 8 in these cell lines. Heterozygosity is required for a detailed analysis of large mutational events. The mouse Aprt gene is located on chromosome 8 (Kozak et al., 1975) .
To identify mutations when intragenic events had occurred, sequence information was obtained for all ®ve exons of Aprt including a 223 bp non-coding region of exon 5, and all of introns 1, 3, and 4. Additional sequence information was obtained for approximately 100 bp of the 974 bp intron 2, for an approximate total of 1.25 kbp sequenced per mutant allele (Figure 1) . The sequence analysis revealed dierences when comparing spontaneous mutations from the Pms2 and Mlh1 null cells (Table 2) . Although in both cases transition mutations represented the majority of events, they were more common in the Pms2 null cells (72%) than the Mlh1 null cells (53%). Moreover, the distribution of the transition mutations was markedly dierent, with A:T?G:C mutations (75% of transitions, 54% of total) being the most common intragenic event in the Pms2 null cells. A:T?G:C mutations were observed less commonly in the Mlh1 null background (31% of transitions, 16% of total) (P value, 0.0002). G:C?A:T mutations were the most common small event in the Mlh1 null cells (69% of transitions, 36% of total). Transversion mutations were also common in the Mlh1 null cells (48% of total), but were not common in the Pms2 null cells (17% of total).
Three spontaneous 2 bp deletions (11% of total), which were apparently due to polymerase slippage at short dinucleotide repeats in the coding region of exon 5, were observed in the Pms2 null cells. Two of these mutations were TC deletions that occurred within the sequence TTCTCTCTCC, and the other was a TG deletion that occurred within the sequence AGTGTGTGAG. No other spontaneous deletions or insertions were observed. The relatively low percentage of these mutational events, which are common in many mutant alleles in mismatch repair de®cient cells (see Introduction), demonstrates that these repeats are not of sucient length to act as the primary targets for mutations in mismatch repair de®cient cells.
The sequence analysis revealed two examples in Mlh1 null cells (9%) of mutant Aprt alleles with wellseparated base-pair changes and one example in the Pms2 null cells (4%) ( Table 3a) . The distances separating these mutations ranged from 374 to 1480 base-pairs, which is consistent with two independent events occurring on each mutant allele. Four of the six mutations led to altered codons and one an altered splice junction site. A mutation with no potential impact on protein function (in intron 4) was identi®ed in one case. An additional spontaneous mutant allele was observed in a Pms2 null cell that had two base-pair substitutions separated by a single base-pair, which makes it dicult to determine if they truly represent independent mutational events. Other authors disagree on whether these changes represent one or two mutational events (Buettner et al., 2000; Harwood et al., 1991; Strauss, 1997) . Both events are included in Table 2 and shown in Table 3a .
Ultraviolet radiation alters the mutation spectrum in Pms2 null cells and increases the frequency of multiple mutations A potential role for the mismatch repair pathway in the avoidance of UV induced mutations has not been resolved (Liu et al., 2000; O'Driscoll et al., 1999; Tobi et al., 1999; Wang et al., 1999) . To address this issue, the Pms2 and Mlh1 null kidney cells were exposed to UV and Aprt mutant cells were isolated. As seen in Table 4 there was no increase in the frequency of mutant cells when Pms2 subclones were exposed to UV. For this reason the mutations observed in the UV exposed cells will not be termed as`induced' mutations. Nonetheless, a sequence analysis demonstrated clearly that UV had a mutagenic eect for the Pms2 null cells. One observation consistent with this eect was an increase in the C?T signature mutation for UV mutagenesis. For the UV-exposed Pms2 null cells, 12 of 31 (39%) mutations were C?T substitutions (Table  2) ; 11 of these 12 mutations occurred at dipyrimidine sites and all occurred on the non-transcribed strand. These observations re¯ect UV mutagenesis (Drobetsky et al., 1987; Kanjilal et al., 1993; Khattar and Turker, 1997; Takeuchi et al., 1998) . In contrast, only ®ve of 28 spontaneous small mutations (18%) were C?T, and in only one case did this base change occur on the nontranscribed strand. A second eect from UV exposure was an increase in the number of mutant alleles with multiple mutations (®ve of 26, 19%) (Tables 2 and 3b ). Two of these mutant alleles had three base-pair substitutions for a total excess of seven base-pair substitutions from 26 mutant alleles (27%) as compared with 4% for non-exposed Pms2 null cells (P value, 0.011 or 0.032 if the questionable mutation is included, see above section). Two tandem mutations and two base-pair deletions at the short TC run in exon 5 (discussed above) was also observed in the mutants isolated from the UV-exposed Pms2 null cells.
In wild-type cells, UV-induced mutations occur mostly on the non-transcribed strand (Khattar and Turker, 1997) presumably because transcription coupled repair (TCR) selectively repairs the transcribed strand (Tornaletti and Pfeifer, 1996) . The observation that mutations in the UV exposed Pms2 null kidney cells were occurring on the nontranscribed strand suggested that an intact TCR system is present in these cells. However, mismatch repair de®ciency has been correlated with a reduction in TCR in E. coli and in human tumor cells . Therefore, TCR function was examined in a wild-type and two independent Pms2 null kidney cell lines. In all cases most cyclobutane pyrimidine dimers were removed from the transcribed strand within 16 h after UV irradiation, which demonstrates that TCR function is not impaired in the Pms2 null kidney cells. Figure 2 shows results for one wild-type and one Pms2 null cell line; essentially the same result was observed for the second Pms2 de®cient cell line (data not shown). One observation that may explain the dierence between human and mouse cells is that global genomic repair is signi®cantly lower in mouse cells (Van der Horst et al., 1997) . Figure 2 also shows that little repair occurred on the non-transcribed strand for the mouse cells, re¯ective of this relatively low level of global repair. Overall, our data demonstrated that the types of mutations induced by UV exposure and their location on the non-transcribed strand are not aected by Pms2 de®ciency. However, the increase in multiple mutations suggests that the eciency of correcting damage-related mismatches is impaired. No increase in mutant frequencies was observed when the Mlh1 null kidney cells were exposed to UV (Table 4) , nor was a shift observed for the mutational spectrum (Table 2 ). This result suggests that the high background level of spontaneous mutations in the Mlh1 cells masks any mutagenic eect from UV exposure. Two of 13 (15%) mutant alleles examined contained multiple mutations (Tables 2 and 3b ).
Multiple mutations are observed frequently in hydrogen peroxide treated Mlh1 null kidney cells
No increase in mutant frequencies was observed when the Mlh1 null cells were treated with hydrogen peroxide (Table 4) . However, the sequence analysis revealed a quantitative dierence in mutations because seven of 20 (35%) mutant Aprt alleles from hydrogen peroxide-exposed Mlh1 null cells contained double base-pair substitutions (Tables 2 and 3c ). This represents a fourfold increase when compared with the number of double mutations observed to occur spontaneously in the Mlh1 null background (P value, Figure 2 Analysis of TCR in wild-type and Pms2 null cells. Transcription-coupled repair of the DHFR gene in wild-type (K06) and PMS2 de®cient (K2) cell lines. Cells were irradiated with 10 J/m2 UV light (254 nM), incubated to allow for repair and DNA was isolated at the times indicated above the lanes. DNA samples were restricted with BamH1, treated (+) or not treated (7) with T4 endonuclease V and electrophoresed in denaturing agarose gels. The DNA was transferred to a nylon membrane and probed with P-32 labeled RNA probes speci®c for the transcribed (T) or nontranscribed (NT) strand of the mouse DHFR gene. Following detection with ®lm, the membrane was stripped and rehybridized using a probe for the other strand 0.012). Of these seven mutant alleles, four contained base-pair substitutions within the non-coding region of exon 5 and one had a base-pair substitution within an intron suggesting that these were`passenger' (i.e., noncausal) mutations. Each of these ®ve mutant alleles also contained a base-pair substitution that altered an amino acid, with one exception. In this case, an AAG lysine codon was mutated to AAA, which also codes for lysine, suggesting a codon usage or splicing defect (Liu et al., 2001) . Alternatively, an epigenetic event (Rose et al., 2000) or second site mutation could have occurred, though there is no evidence to support the latter possibility for mouse Aprt. For the two remaining mutant alleles with two mutational events, one had two codon changes and the other had a codon change and a splice junction mutation. Two additional passenger mutations were observed at the`knockout' (i.e., containing neo gene insert) Aprt allele when six hydrogen peroxide-exposed mutants where examined at this allele (data not shown). There is no selective pressure for mutational events at this non-functional allele.
Hydrogen peroxide exposure increased the mutant frequencies for the Pms2 null subclones (Table 4) , but the majority of these mutations (82%) were large events that removed the selected Aprt allele. Although many small events were examined, only eight independent base-pair substitutions were identi®ed from this experiment; all occurred at A:T base-pairs (Table 2) . No examples of alleles with multiple mutations were found.
The most frequently mutated sites differ for Pms2 and Mlh1 null cells Most of the 136 mutational events identi®ed in this study occurred at distinct sites. However, four sites were mutated four or ®ve times in independently derived mutants (Table 5) . One site, mentioned in previous sections, is the dinucleotide repeat sequence TTCTCTCTCC (exon 5), for which ®ve independent two base-pair deletions were observed. Of these, four were observed in Pms2 null cells and one in a Mlh1 derived mutant. Two additional sites, at codons 136 (ATG, exon 5) and 142 (CTG, exon 5), were found to be mutated predominantly in the Pms2 null cells. The fourth site is Mlh1 speci®c, an adenine in codon 128 (GAC, exon 4).
Discussion
The PMS2 and MLH1 proteins form a heterodimer (MutL a) that is required to couple mismatch recognition with the repair process . However, our comparison of spontaneous mutagenesis in the Pms2 vs Mlh1 null mice revealed that the mutation rates (Table 1 ) and mutant frequencies (Table 4) were higher for the Mlh1 null cells. These results are consistent with studies showing elevated mutation frequencies for mono-and dinucleotide microsatellite sequences (Yao et al., 1999) and for base-pair changes at a lacI reporter transgene (BarossFrancis et al., 2001) in tissues of Mlh1 null mice when compared with the tissues of Pms2 null mice. These previous results have been interpreted as indicating that loss of the MLH1 protein is more mutagenic than loss of the PMS2 protein (Yao et al., 1999) , presumably because MLH1 can also bind to the PMS1 and MLH3 proteins to provide limited mismatch repair function in the absence of PMS2. In contrast, there does not appear to be backup protein when MLH1 protein is lost . The in vivo mouse studies also revealed dierences in the spectrum of mutations. One base-pair deletions in short mononucleotide regions and C:G?T:A base-pair substitutions were more common in the Mlh1 null background than in the Pms2 null background (Baross-Francis et al., 2001; Yao et al., 1999) . We also observed that C:G?T:G mutations are more common in the Mlh1 null kidney cells. These mutations are the most common base-pair change found in wildtype mammalian cells, presumably due to deamination of cytosine and methylcytosine (Schmutte and Jones, 1998) . In contrast, the most common base-pair substitution events in the Pms2 null cells were A:T?G:C mutations.
Additional dierences in the mutational spectra were observed in our comparison of Aprt mutants derived from the Pms2 and Mlh1 null kidney cells. One was that LOH events were common in the Pms2 null background, as they were in wild-type kidney cells (Turker et al., 1999) , whereas these events were rare in the Mlh1 cells. This dierence indicates that the ratio of base-pair substitution mutation rates for Mlh1 null cells versus Pms2 null cells is actually higher than the ratios that can be calculated from the data shown Table 1 , which includes both small and large mutational events. The reduced frequency of LOH events in the Mlh1 null cells does not mean necessarily that the rate at which these events occur is reduced, but that they may be more dicult to detect when the mutation rate for small events is increased dramatically. Alternatively, it is possible that the MLH1 protein is required to resolve events such as mitotic recombination. This latter possibility appears unlikely because both UV and hydrogen peroxide exposure increased the frequency of LOH events (15 and 30%, respectively) in the Mlh1 null cells. Another dierence between the two null genotypes is that the three frequently mutated sites found in the Pms2 null cells were distinct from the one such site found in the Mlh1 null cells. For some loci, such as Hprt, Apc, and the supFG transgene reporter, most intragenic events in mismatch repair de®cient cells occur at mononucleotide runs of six or more bp (Andrew et al., 2000; Bhattacharyya et al., 1995; Glaab et al., 2000; Kato et al., 1998; Kuraguchi et al., 2000; Narayanan et al., 1997) . However, in our study no mutations were found at the small number of mononucleotide runs that are present in mouse Aprt. The largest such run consists of six cytosines, but it was located upstream of the AG splice junction site of exon 5. It is possible that slippage at this site will have no eect on splicing, and hence no eect on expression. Mononucleotide runs within the coding region of mouse Aprt are four or three base-pairs in length, which do not appear to be long enough to act as mutational hot spots. Five independent deletions were observed at the only run of four dinucleotides within Aprt, but the total percentage of mutations at this site (®ve of 136, 3.7%) is relatively low when compared with hot spots found at mononucleotide runs within other genes in mismatch repair de®cient cells. Overall, our data demonstrate that mouse Aprt does not contain repeated sequences regions that act as highly susceptible mutational targets in mismatch repair de®cient cells.
Two well-separated base-pair substitutions were present in two spontaneous Aprt mutant alleles obtained from Mlh1 null cells and one mutant allele obtained from a Pms2 null cell for a total of 6% of the spontaneous mutant alleles examined. The distances separating these substitutions ranged from 374 bp to 1480 bp. Likewise, most (75%) of the multiple mutations observed in the genotoxin exposed mutants were separated by distances greater than 140 bp. The largest distance between any two mutational events in the 2.3 kb Aprt allele was 1795 bp. There are several overlapping ways to interpret these data. One is that well separated mutational events on a single allele represent two independent events resulting from two distinct DNA lesions. A second possibility is that the repair process for a DNA lesion can involve resynthesis of a signi®cant portion of the Aprt gene. A third possibility is that genotoxin damage interferes with polymerase function to produce errors that are normally corrected by the mismatch repair pathway. An extension of this possibility is that mismatch repair is also important for an apoptotic response after genotoxin exposure, as has been shown for Mlh1 null cells exposed to hydrogen peroxide (Hardman et al., 2001) . It is formally possible that one mechanism will apply for UV exposure (e.g., direct damage to DNA) whereas a separate mechanism will apply to hydrogen peroxide exposure (e.g., interference with polymerase function and/or the apoptotic response). While it is not possible to distinguish between these and other possibilities at this time, it is possible to conclude statistically that genotoxin exposure increases the frequency of alleles with two or more base-pair substitution events in mismatch repair de®cient cells when compared with unexposed cells (P value, 0.013). In contrast, no examples of Aprt alleles with multiple mutations were observed for UV or EMS-induced mutations in wild-type mouse embryonal carcinoma cells (Khattar and Turker, 1997) or UV-induced wildtype CHO cells (Drobetsky et al., 1987) .
Analyses of multiple and silent mutations at the TP53 gene in human cancers has led to the suggestion that many mutations found at this allele in tumor cells are not necessary for functional changes and that they may re¯ect error prone processes (Strauss, 1997 (Strauss, , 1998a (Strauss, ,b, 2000 . Similarly, many of the excess mutations observed in this study occurred in non-coding regions. It is also interesting to note that examples of multiple mutations at TP53 have been found both in tumor cells that exhibit microsatellite instability, a hallmark of mismatch repair de®ciency, and in tumor cells that lack microsatellite instability (Strauss, 1998a) . Moreover, multiple mutations were observed on mutant human APRT alleles in a mismatch repair pro®cient colon cancer cell line (Harfe and Jinks-Robertson, 2000) . The frequency of multiple mutations was also found to increase at the bacterial lacI locus in mouse tumors (Buettner et al., 2000) . Finally, it has been shown recently that multiple mutations, which appear related to hypermutation that occurs in germinal-center B cells, are common in B-cell diuse large-cell lymphomas (Pasqualucci et al., 2001) .
Taken together, the data from this study and studies by others demonstrate that mismatch repair de®ciency can increase the frequency of alleles with multiple mutations, particularly in genotoxin exposed cells, though other instability pathways can also contribute to the formation of these alleles. The data also demonstrate that the PMS2 and MLH1 proteins are not functionally equivalent in protecting genomes from mutation formation. Moreover, locus speci®c mutagenic eects can contribute further to the types of mutations that occur in mismatch repair de®cient malignant cells. While most studies examining causal mutations in mismatch repair de®cient tumors have focused on critical loci that have mononucleotide runs, the present study suggests that the spectrum of mutations at cancer relevant loci without such runs should also be examined in these tumors.
Methods and materials
Cell lines
Three clonal kidney cell lines (K1, K2 and K597S2) were derived from mice null for Pms2 and one clonal kidney cell line (K634S2) was derived from a mouse null for Mlh1. These mice were also heterozygous for the selectable Aprt locus.
The methods used to isolate cell lines are as described elsewhere (Horn et al., 1984; Turker et al., 1999) . The cell lines were grown in the Dulbecco's Modi®ed Eagle's Medium supplemented with heat-inactivated 10% (v/v) fetal bovine serum (Sigma, St. Louis, MO, USA).
Determination of mutation rates
For each cell line to be tested, 10 sets of 100 cells were expanded to a ®nal cell number of 1.5 to 2.2610 6 cells. The Aprt mutant frequencies were then determined for each expanded cell population by plating the cells in medium containing 80 ug/ml 2,6-diaminopurine (DAP) (Sigma, St. Louis, MO, USA). The mutant frequencies were then used to determine the mutation rate with a¯uctuation analysis (Luria and Delbruck, 1943) .
Isolation of mutant cells
The parental Pms2 and Mlh1 null cells were plated at cloning densities and subclones were expanded for the isolation of Aprt mutants from genotoxin-exposed and unexposed cells. The cells were exposed to ultraviolet radiation (UV) (Turker et al., 1995) and hydrogen peroxide (Turker et al., 1999) as described elsewhere. In previous studies only 1 ± 2 Aprt de®cient clones were isolated from each parental subclone, but in this study 5 ± 8 Aprt de®cient clones were isolated per parental subclone because the mismatch repair de®cient backgrounds increased the frequency of small events and hence reduced the isolation of mutant sib clones. Such clones are de®ned as Aprt de®cient clones bearing identical mutations that were isolated from the same parental subclone. When mutant sib clones were observed, the mutation for only one sib clone was included in the molecular analyses shown in Tables 2, 3 and 5.
Analysis of transcription-coupled DNA repair
The biochemical assay for transcription-coupled DNA repair (TCR) was performed as described elsewhere (Smith et al., 2000) .
Isolation of genomic DNA
Aprt de®cient clones were expanded until con¯uent T-25 asks were obtained. After rinsing with PBS, 500 ml of NLB solution (1 mM Tris, pH 8.0, 2.25 mM EDTA, 0.4 M NaCl), 10 ml of 10 mM proteinase K, and 35 ml of 100 mM sodium lauryl sulfate were added to each¯ask and the¯asks were incubated overnight at 378C. The lysates were then transferred to microcentrifuge tubes and 170 ml of saturated NaCl added, followed by vigorous shaking for 15 s. After centrifugation, the supernatant was transferred to a new tube and the DNA was precipitated by adding two volumes of ethanol at room temperature. The DNA pellet was washed with 70% ethanol and dissolved in TE.
DNA sequence analysis
The basic scheme for the ampli®cation of Aprt regions for a sequence analysis is shown in Figure 1 . This allele was ampli®ed by using the primers Aprt1C (CGTGAGTT-TAGCGTGCTGATAC) and Aprt7 (AAGACCCTGCCCT-TCCTCTAC) to amplify exons 1 to 3, and Mao9 (TCCCAC-AACCTTCCCTCCTTA) and Aprt61 (GACCCATGCAA-CAAACTGAGGAG) to amplify exons 3 to 5. The conditions for ampli®cation were 45 s at 948C and 1 min at 728C for extension. The annealing temperatures started at 768C and dropped 28C per cycle until an annealing temperature of 548C was reached. An additional 25 cycles were then used. All annealing times were for 45 s. The PCR products were separated on a 1% agarose gel (Gibco BRL), excised, and puri®ed with a puri®cation kit (Quiagen). The fragments were then sequenced with an automated sequencer by using primers Aprt2E (GAATG-GATGGGTGTGGGGCA) for exons 1 and 2, Aprt 4 (CTTAGTCAGCACCCAGGACAG) for exons 3 and 4, and Aprt 8 (GAAACGCTCGAGGCTAGGGA) for exons 4 and 5. Figure 1 shows ampli®ed regions and location of all primers used.
